Abstract: Introduction: Alzheimer's Disease (AD) is a progressive neurodegenerative condition in which individuals exhibit memory loss, dementia, and impaired metabolism. Nearly all previous single-treatment studies to treat AD have failed, likely because it is a complex disease with multiple underlying drivers contributing to risk, onset, and progression. Here, we explored the efficacy of a multi-therapy approach based on the disease risk factor status specific to individuals with AD diagnosis or concern.
INTRODUCTION
Alzheimer's Disease (AD) is a progressive neurodegenerative condition in which individuals exhibit memory loss, the disease progresses, symptoms include mood swings, irritability, aggression, trouble with language, and long-term memory loss. In the late stages of AD, bodily functions are lost, leading to death. Life expectancy after diagnosis is seven years [1] .
Nearly all previous single-domain studies to treat AD have failed, likely because it is a complex disease with multiple underlying drivers contributing to risk, onset, and progression. Often potential pathologic drivers of AD (e.g., high homocysteine, genetic biases, insulin resistance, poor diet, poor sleep, lack of exercise, chronic inflammation, toxicity) are active simultaneously and need to be addressed accordingly [5] . It is now recognized that many of these underlying drivers are modifiable, allowing persons to reduce their risk and potentially delay disease onset. Even without any personal optimization, as many of onethird of cases could be attributed to modifiable risk factors [6, 7] .
It is also increasingly being recognized that early intervention is key to developing an effective therapy. The neuropathological changes of AD evolve many years before clinical onset of the disease. If the diagnosis and treatment are left until a patient has progressed to dementia, their "cerebral compensatory reserves have been exhausted because of extensive neurodegeneration" [8] . Therefore, it is believed that targeting patients who present with Mild Cognitive Impairment (MCI) due to AD and Subjective Cognitive Decline (SCD) are good targets for early treatment. MCI due to AD, also known as amnestic MCI, is when a patient's cognitive capacity is below the level appropriate to their age, gender, and education level, but the cognitive decline has not reached dementia level. SCD is a cognitively-normal individual with self-reported cognitive impairment, suggestive of a prodromal AD phase [8, 9] .
Clinical informatics platforms can improve the treatment of those with chronic, complex diseases such as AD (and its early phases) by optimizing a personalized multifactorial approach. With a multitude of underlying drivers of AD, genetic factors, comorbidities, medications, and optimizations for each person, the amount of data used in generating a care plan quickly accumulates, making a repeatable and reliable process beyond the scope of what a physician can do by hand, or do well quickly. But where manual methods fail, clinical informatics platforms excel. These platforms can provide a personalized treatment method for each individual in a repeatable, predictable, and timely manner.
MATERIALS AND METHODS
uMETHOD Health has developed a precision-medicine platform that follows the multi-modal principles of the FIN-GER trial [7] , the Weill-Cornell Alzheimer's Prevention Clinic [10] , the AHRQ Report [11] , and others [12] [13] [14] [15] [16] . Large datasets about each person are analyzed to generate personalized treatment plans for those at risk (SCD) or in early stages (MCI). The platform identifies and addresses active issues, and creates repeatable and practical treatment plans for use in doctors' practices. The algorithms identify more than 50 drivers of AD .
Overview of Population
All individuals presented here self-selected to follow the care plan. The program was recommended by their local physician or they found uMH's website through their own searches and chose to purchase the evaluation and follow the care plan under the guidance of their physician. As this was not a controlled trial and the care plan was available to all patients through the physician, only those who wanted to continue for multiple iterations did so. Some did not continue due to cost, others due to complexity, and others were not yet due to renew for a second care plan at the time of this publication.
Patients often had a family history of AD and, out of concern for their own health, sought out our program. Others were recommended for the program by their physician, based on the physician's office analysis of the patient's cognitive state. uMH was not involved in these initial analyses, but physicians were expected to have followed standard of care for these initial assessments.
In order to enroll a patient in the program, physicians were instructed to follow a set of inclusion and exclusion criteria for interested patients before enrolling them (see Table 1). All participants were initially assessed with the SelfAdministered Gerocognitive Examination (SAGE) to deter- Of the 40 individuals who continued for multiple iterations of their care plan, it was observed that they were of an appropriate age to be registering cognitive concerns due to AD. The MCI individuals (n = 20) were an average of 5 years older than SCD (n = 20) ones. These self-selected individuals have a higher percentage of APOE ε4, a lower occurrence of diabetes, metabolic syndrome, and obesity, and are well-educated when compared to the general public ( Table 2) . In other words, this population is not representative of the general public.
Input: Diverse Medical Data
Data collected from multiple health domains contribute to individuals' risk profile, helps identify underlying drivers of decline, and leads to their treatment recommendations.
Raw data files of genomic information are collected from consumer-focused companies such as 23andMe or Ancestry.com. Alternatively, a full-exome VCF file of genomic data can be read. More than 2,000 Single Nucleotide Polymorphism (SNPs) were analyzed per individual.
Personal medical history is gathered from forms completed by the individual or their caretaker. This information includes current medications, nutraceuticals, over the counter drugs, along with comorbidities, past procedures and surgeries, allergies, imaging such as MRI, EEG, or PET scans, immunization history, and family history of dementia or cardiovascular conditions. Lifestyle data, vitals, and biometrics are also supplied. Information on sleep, diet, stress, educational attainment, physical activity, quality of life, and activities of daily living are all collected for input into the precision-medicine engine.
All forms were completed by the participants and/or their caregiver via an online portal, or using printed forms depending on computer skills and access. See Table 3 for a full list of questions provided to the patient.
A panel of more than 100 blood tests was requested. These include complete blood count, comprehensive metabolic panel, homocysteine level, lipid panel, endocrine panel, essential and toxic metals, and vitamin levels. Other biospecimen results, such as metabolomics, urine, saliva, and cerebrospinal fluid, are also incorporated if available.
Cognitive testing is performed before each care plan generation. Care plans are updated every 3 months. The battery includes the Montreal Cognitive Assessment (MoCA) [43] , the Self-Administered Gerocognitive Exam (SAGE) [44] , and CNS Vital Signs (CNS-VS) [45] . CNS-VS employs a normative dataset comprising the scores from 1,069 cognitively-normal people. Each test-taker's results are organized by age-group and compared to the appropriate normative data set for percentile scoring [45] . Alternate forms of all cognitive tests were used at subsequent administrations to prevent learning curves.
The blood labs panel, a subset of the lifestyle and diet information, and cognitive tests are updated with each iteration of the care plan.
All granular data that is received is retained not only for the purpose of the algorithm processing, but also so that it is available to the physicians to help them in their decision process when reviewing the recommended treatment plan.
Output: Recommended Interventions
Each participant's information is analyzed by the informatics platform and compared to standardized databases, peer-reviewed publications, and reference tables to generate treatment recommendations. Databases and reference tables used were sourced from the Centers for Disease Control, Food and Drug Administration, National Institutes of Health, DrugBank, and OMIM. The information in these databases and tables relates to SNPs, drug-drug interactions, drug-gene interactions, drug indications, and diagnostics.
The care plan recommendations consist of prescription medications, nutraceuticals, lifestyle changes, as well as specific additional diagnostics to be pursued. Lifestyle changes focus on nutrition, beginning with the MIND diet (17), exercise, sleep, autophagy, stress reduction, and brain stimulation. Each recommendation is listed by priority from highest to lowest, so the care plan may be more easily tailored to the person's capabilities. Every recommendation is personalized to the individual, including the prioritization and dosage components. Medication recommendations may involve dosage changes, changes in formulation, or deprescribing.
Each care plan is updated after three months of implementation, allowing individual's blood levels and medication response to be closely monitored and recommendations adjusted accordingly.
Separate care plan reports generated by the software are optimized for the physician, the person under treatment, and their coaching team -with the goal of suggesting what can best be achieved in a clinical setting in the long term, taken in three-month segments.
Coaches meet with individuals once a week for about one hour. They focus on explaining which areas of lifestyle changes to make in the coming week, so that improvements may be readily observable (an encouragement factor). They design personalized goals around what's achievable over a week or month and are a resource for the individual and caregiver for 1) Scheduling, 2) Explaining the complexities of terminology, 3) Understanding what others have observed, and 4) interfacing with the medical team.
Informatics Platform
This informatics platform reads medical data about a person and generates reports that describe recommended therapeutics given their current state. Internal software is written in the Python language. Interfaces to an external portal, used by the medical, care, and coaching teams to gather input and return reports, is written in PHP and Java. External medical databases support internal rules-processing algorithms. These are sourced from bodies such as the NIH, FDA, pharmaceutical trade groups, and consortia focused on topics such as genetics or allergies.
The initial input for a person is often on the order of one million data points. This count can vary (generally upwards), depending on several input categories: 1) The completeness of the genetic exome data, 2) The resolution and number of images and image files, 3) The number of historical biospecimen lab results and cognitive assessments, 4) The granularity and history of wearable data samples, and 5) Any attached photos, scans, and faxes. Some of this input data is well-structured, such as genome data files or raw image data; other data is less well-structured, such as personal medical histories, medication lists, and image processing summaries. Natural language processing (NLP) techniques are used throughout the input steps, particularly for precise identification of lab tests, medications, drug indications, and comorbidities. A range of NLP techniques is employed to normalize input data.
The algorithms that implement this information platform go through a consistent set of steps each time they load a person's input to generate a new set of reports. These steps are rules-based, so the logic and evidence sources can be tracked (and evaluated). First, the person's current medical issues are identified, based on their available input data. There are frequently dozens of issues, so decision theory techniques are used to assign weights, priorities, and strategies to the issues. This prioritization is drawn from a wide array of medical knowledge and is done in such a way that they are self-consistent for a person's current state. Exceptional conditions can be encountered, where data values are far out of range or the need to address an issue is urgent. Examples include untreated kidney or liver disease, or a serum value, such as creatine kinase, that is at an alarm level. When exceptional issues are determined, the generation of a regular care plan is stopped, the issues are described in detail, and the physician and care team are alerted: these exceptional issues are beyond the scope of recommending a protocol for addressing cognitive decline in the next few months.
Next, interventions are selected to address the issues prioritized high enough to be the focus for the care plan period of three months. For each issue, interventions may range from those that work slowly and have few side effects to those that work quickly but may have undesirable effects for the person in their current state. Interventions also have a wide range of costs, including financial costs, pain, an effort by the person being treated, and so on. Currently, no invasive interventions are recommended in the generated care plans. The selected interventions are fitted together as a group, in an iterative manner. Many interactions may be observed, such as drug-to-drug, drug-to-genome, drug-to-diet, and dietto-existing-comorbidity. Algorithms determine an appropriate path forward, given the many potential conflicts.
Finally, a recommended dosage or amount for each intervention is calculated, and again, the interactions among their current medications (and their dosages) and the recommended interventions are compared (Fig. 1) . The generated care plan contains recommendations for prescription and supplemental medications to be added, increased, decreased, changed, or discontinued. Specific changes to lifestyle and diet are recommended. Additional diagnostics, such as lab tests and imaging, may be recommended.
Every word in every report is generated by the informatics algorithms. Natural Language Generation (NLG) techniques assure all text, tables, and images are humanreadable, in high-quality natural language (such as American English). Multiple versions of the reports are generated suited to the presumed education (e.g., physician), reading ability (e.g., those under treatment and their caregivers), and vocabulary (e.g., dietitian, coach, physical therapist) of the readers.
STATISTICAL ANALYSIS
The rate of change between data values was established by calculating the delta of the final and baseline visit and controlling for the baseline score (x 2 -x 1 )/x 1 for each biomarker reported, SAGE, and two CNS-VS subdomains.
To test for significance, normal distribution was established with the Anderson-Darling test. Samples that were found to be normally distributed were further analyzed with a paired t-test to assess if results were significant. Welch's ttest was used for any non-normally distributed samples.
Power calculations for the paired t-test were done using the following: 
RESULTS

Memory Function & Biomarkers Improved
Of the 40 individuals who followed the care plan for an average of 8.4 months, 80% of the overall population (SCD + MCI) improved or held steady on their CNS-VS composite memory scores (Table 4) , with overall percentile scores improving from 40.4 (below average), to 55.87 (slightly above average) (Fig. 2) . For the MCI subset of that population, 57% showed improvement or held steady in their CNS-VS composite memory percentile scores ( Table 4 ). This data is promising since the improvement in memory scores is rarely observed, especially in the context of MCI, and suggests that adherence to the treatment regime may have long-lasting benefits. 76% of all individuals also showed improvement or held steady in their SAGE scores, with 71% of the MCI portion of that population showing improvement or no decline (Table  4) , indicating the consistency of program results across multiple testing measures.
Of the cognitive assessments given, both CNS-VS domains showed significant improvement in the SCD group (Composite P value .002, Executive P value .01), and the CNS-VS Executive domain showed significant results in the overall population (SCD+MCI) as well (P value .01) ( Table  5) .
Although trends were noted, no other cognitive test showed significant improvement or decline in scores. Longer adherence to the program and/or more enrolled subjects is likely necessary to determine whether these cognitive outcomes are significantly impacted.
There was also biomarker improvement over time observed from the blood panels. Eight out of 12 selected biomarkers showed slight improvement overall for symptomatic individuals and six out of 12 for the overall sample population ( Table 5) . Only one biomarker, homocysteine, showed significant improvement though (P values .03, .04, .002).
Although not currently feasible due to the limited number of subjects, it will be interesting to compare the behavior of different variables relative to each other. For instance, cognitive performance may be more impacted by improvements in some biomarkers relative to others. This analysis may provide further prioritization and simplification as to the key parameters that treated and identify those subjects most likely to respond to the program.
DISCUSSION
The results of this work show that not only are individuals able to follow a multi-modal treatment, but this approach also produced measurable improvements in both cognitive testing and biomarkers (Tables 4 and 5) . Longer-term studies are needed to show that addressing multiple disease drivers simultaneously can be an effective path to improve cognitive function and to delay or prevent AD for patients in the preclinical and prodromal stages.
Precision medicine is quickly becoming more realistic with advances in genetics, proteomics, lipidomics, metabolomics, and many other fields of scientific and medical study. But implementing it in the clinic by hand is not simple. Algorithmic platforms are necessary to combine and analyze the wide range of information necessary to create individualized, detailed reports. The need for these platforms is increasingly being recognized in peer-reviewed publications as well as in industry settings [46, 47] . The United States government has recognized the need for precision medicine with the 2015 Precision Medicine Initiative [48, 49] .
As Galvin points out, a well-balanced diet and healthy lifestyle may be paramount to continued overall and brain health, but every disease risk factor has the potential to act both independently and to augment the effect of other risk factors [46] . Alzheimer's, and potentially other complex Unless otherwise indicated, data reported as mean (±SD). *One outlier with an unexplained high hs-CRP of 37.5 was removed from mean and SD. Improvements are highlighted in green. TSH = Thyroid-stimulating hormone, rT3= reverse triiodothyronine, hs-CRP = high-sensitivity C-reactive protein, A/G ratio = albumin to globulin ratio, 25(OH)D = 25-hydroxy vitamin D, SAGE = Self-Administered Gerocognitive Exam, CNS-VS = CNS Vital Signs.
diseases, must be approached as a disease that results from a system of risk factors with a multi-modal care plan that targets the system as a whole.
A precision-medicine platform enables an actionable combination therapy for AD. Well-established, big-data analytics techniques are utilized, including prioritizing, weightings, probabilities, partial differential equations, and tools from artificial intelligence. Diagnosis, treatment recommendations and ongoing tracking is extensible. Health coaches are considered essential to adherence, providing guidance and influencing individuals' compliance. Individuals comply with the recommendations and can achieve goals leading to measurable cognitive improvements sustained over an average of 8.4 months.
80% of the population, and, of those, 57% of the MCI individuals, improved or held steady in their cognitive status as measured by CNS-VS composite memory. Even though MCI SAGE scores decreased by 0.6 points over 8.4 months ( Table 5) , this is still less than the average decrease of 1.91 points per year observed in previous studies for the untreated AD [50] .
No cognitive test score showed a significant change for MCI individuals. This finding does show that while individuals did not improve their scores, they also did not decline.
The individuals here have a high rate of APOE ε4, are well-educated, average in their 60s, and can sense their cognitive decline. We saw a range of natural biological variability in the population data, although the population was not representative of the general public.
CONCLUSION
As such, further research on a larger population is warranted to conclude if these results remain consistent, and perhaps show more significant trends for a larger and more generalized population.
Additionally, future research could focus on finding ways to bring the cost of care down even further for this type of multi-modal approach. Every recommendation is given a priority and weight, as well as a monetary cost. The current algorithm has the ability to filter on those requirements for each person and setting.
This multi-modal approach also has the potential for use with other dementias and disease states. uMH's software platform was developed to specifically address the issues and contributors to AD, but parts such as improved diet, exercise, and sleep can be applied to large populations. Softwareenabled, personalized combination treatment plans could be developed for many other disease states backed by similar research. Our research has shown that patients are able to follow these more complex treatment plans, and applying them to a broader audience through the development of other disease state-specific algorithms could increase the quality of life for many in the aging population, and subsequently reduce costs associated with many aging-related disease states.
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